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Abstract: This paper focuses on discussing a hydro-pneumatic hybrid (Gas/Oil), passive technique for sun tracking and orientation of 
solar panels, collectors and food dryers. The technique depends on utilizing the natural expansion of gases caused by temperature 
increase. The pressure produced by gas expansion causes a force exerted on hydraulic oil contained in the same vessel with the gas and 
separated from it by a diaphragm. Hydraulic fluid is used here for the stroke control because of its advantage over gas in terms of 
incompressibility and controllability.  The exerted force caused a 50 mm displacement of the actuator which can be improved by 
decreasing the bore diameter of the piston and by using gases with higher expansion coefficient. 
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1. Introduction 
Solar energy has been used since a long time ago for different 
human needs of energy like water heating and food driers. 
Although other conventional sources of energy like coal and oil 
are widely used for their rich content of energy, but these sources 
are considered as a main reason for environment pollution 
besides to the fact that these sources are expected to end up soon. 
Therefore, many researchers began to investigate the possibilities 
of using renewable energy resources like biomass, hydro, wind 
and solar energy. 
This paper aims at showing that there is a difference in efficiency 
of solar PV system between fixed installations and solar tracking 
ones. This system also discusses the benefit of  using energy 
induced by solar heating as a main to operate the motion required 
for the tracking process. 
 Researches about solar passive tracking began since the early 
sixties where David Barton and others invented a new passive 
radar tracking apparatus based on reflecting the noise energy 
radiated by the sun [1].  
Carl Wiley and Phoenix Ariz in [2] worked on a novel passive 
detection and ran ging radar system based on detecting the noise 
modulated hydrogen line radiation emitted by the sun. [3] 
published a sun tracking system based on thermal heliotrope 
consists of a bimetallic helical coil that serves as the motor 
element, producing torque and angular displacement. In 1976, 
Robert Hitchcock invented an angular passive sun tracker based 
on using solar radiation to control the attitude of a mirror element 
in an array of Fresnel reflectors [4]. Solar energy can be 
considered the cleanest resource that depends mainly on utilizing 
sun power to produce clean electricity that can be used for several 
applications [5]. It is well known that the energy gathered by 
solar photovoltaic (PV) panels is very low relative to other energy 
resources. This implies the need to increase the efficiency of 
these systems by utilizing every sunny moment and concentrating 
the sun rays perpendicular to the surface of the PV panels for 
most of the daytime.  
 
This concentration is possible by using an automatic orientation 
system that keeps the panels facing towards the sun as long as 
possible [6]. Moreover, it is worth mentioning that the solar 
collectors needed to heat water and even solar food driers are 
usually installed in places where there is no electricity source [7], 
[8]. Positioning collecting panels perpendicular to the sun 
increases their efficiency and output. Pure mechanical (fluid 
power) system will be discussed in this paper where hydraulic oil 
is actuated by the pressure of a gas enclosed in a cylindrical gas 
over oil vessel. The thermal expansion of the gas increases its 
pressure and exerts this pressure on the hydraulic oil that in turn 
transmits power to the actuating piston to rotate the panel. 
In reference [9], the mechanical engineering group in Birzeit 
University has worked on a design of solar tracker system based 
on using two DC electric motors to drive two degrees of freedom 
(Altitude and the Azimuth) through mechanical gears for speed 
reduction in the azimuth angle and power screw for power 
transmission and speed reduction in the Altitude angle. Two DC 
motors are used to drive the two rotational degrees of freedom. 
The Altitude angle is driven by a power screw pinned from one 
side to the frame holding the panel and from the other side to a 
DC motor. 
Other working groups worked previously on the problem of 
sun tracking to increase the energy efficiency. Nicolas and CEM 
in [10] designed a single degree of freedom tracking solar cooker 
consists of two rotating reflection mirrors that can rotate to track 
the azimuth angle of the sun but the oven is fixed with respect to 
the Altitude angle. Kohler et al. in [11] discussed a comparison 
between the fixed installation and solar tracking installation of 
photovoltaic panels for greened roofs. Authors offer here three 
tracking systems: the first system is called EGIS tracking system 
that rotates horizontally by 180o and vertically by 65o using tilting 
rotors. The second system is called ALTEC system, it rotates 
around a tilted North-South oriented axis with horizontal range of 
54o East to 54o West and the mounting angle is set to 30o. This 
system uses thermo-hydraulic tracking method by using a liquid 
with low boiling point confined in two connected tanks. Finally, 
the third system is TRAXLE tracking system, this system needs 
electricity to drive the DC motor used for rotation which takes 
about 1% of the panel’s surface. Panels in this system rotate by 
120o. Peterson et al. in [12] have designed a two-axis solar 
tracker with stepper motors for the azimuth and Altitude 
rotational degrees of freedom. Relay circuits have been used for 
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the control purpose. Whittaker et al. in [13] discuss a new design 
of a solar powered polar rover which is a prototype robot called 
Hyperion. Hyperion means “The sun follower” in Greek 
language. In [14], the author Discusses a dynamic model and 
control design for a 76×76 m square sail employing spin 
stabilization, reaction wheel, a two-axis gimballed control boom 
and a sail panel translation and rotation system. The US Patent of 
Murphy and Crowly in [15] discusses an optimal solar tracking 
system for a spacecraft to compensate for the undesired 
disturbances using a time modulated solar tracking scheme which 
increases the power efficiency without influencing the 
transmitted torque. Khan and Ali in [16] discuss an automatic sun 
tracking system with six functional sensors, stepper motors and 
microcontroller control system for automatic orientation of the 
solar panel towards the sun. The microcontroller stops all 
operations at night and repositions the panel towards east to be 
ready for the next morning. In [17], Martinez demonstrates a 
patent based on the invention of a bidirectional solar tracker 
moved by two hydraulic actuators. 
Section 2 in this article discusses the mechanical design of the 
installation used to hold and move the solar panels. The Gas over 
oil fluid power tracking system is tackled in section 3. Section 4 
shows the kinematic analysis of the system while the dynamic 
calculations and governing equations are show in section 5. 
Section 6 depicts the simulation results based on the analytical 
model and the conclusions and future works are shown in section 
7. 
2. Mechanical Design 
 
BZU test setup used for the purpose of sun tracking at Birzeit 
University, the systems is shown in Fig. 1. The 70 kilograms test 
rig consists of a 1.5 × 1.5 m2 Photovoltaic (PV) panels fixed on a 
steel frame. The frame is allowed to rotate in two degrees of 
freedom; the first is rotational in the horizontal plane and called 
Azimuth angle (θA) and the second is the angle of elevation of the 
panel in the vertical plane and called Altitude angle (θz) taken 
from the Zenith of the sun. In this project, the Altitude angle is 
fixed to 45o and the control is used to move the Azimuth angle 
only. It is worth mentioning that changing the Altitude angle 
leads to very small improvement in the performance while the 
efficiency is very much influenced by changing the Azimuth 
angle θA [16]. Although this project is targeted to solar collectors 
and food dryers but PV panels were used here to facilitate the 
measurement of collected energy influenced by sun tracking. 
 
 
Figure 1. BZU sun tracking system 
 
3. Fluid Power Tracking System 
Fig. 2 shows a CAD design of the whole tracking system. The 
setup is supplied with two Gas/Oil tanks, one at each side. Every 
tank is located axially at the focal central axis of a parabolic 
concentration galvanized steel plate. The Gas/Oil tanks supply 
pressurized oil (SAE 10) to the hydraulic system used for the 
tracking piston via an accumulator and several directional control 
valves. The implemented gas here is Nitrogen for his good safety 
and expansion factor. A mechanical timer connected to the end of 
the hydraulic piston is used for timing the piston extension during 
the day in an open-loop control technique. The timer is based on 
spring loaded geared design mechanical system that does not 
need an external power supply to operate. 
The parabolic concentrators shown in Fig. 3 are made of 
galvanized steel sheets rolled in a parabolic shape. These 
concentrators aim at concentrating the solar energy at the focal 
axis at which the Gas/Oil tanks are installed. 
 
The fluid power circuit applied to control the position of the solar 
panel is shown in Fig. 4. The two tanks T1 and T2 represent the 
two Gas/Oil tanks where the expanding gas (Nitrogen) forms 
90% of the tank’s volume while the rest 10% contains hydraulic 
oil (SAE 10). This ratio was selected to increase the area of gas 
exposed to sun rays as much as possible to increase the influence 
of heat transfer. These tanks have an initial volume before 
expansion equals to 0.01124 m3, initial pressure equals to 5 bar 
and initial temperature equals to 30o. Solar concentrators can heat 
the system from 30o to 70o and this leads to increase the volume 
to 0.011349 m3. The gas pressure exerts a similar pressure on the 
neighbour oil separated from the gas by a diaphragm making 
Gas/Oil effect capable of exerting a force of 600 N at the piston 
acting on the panel. The Gas/Oil tanks are painted in black and 
each is installed at the focal central axis of a reflecting parabolic 
steel sheet. The parabolic reflector aims at concentrating the solar 
rays towards their focal centre increasing the energy transferred 
to the tanks. 
 
 
Figure 2. CAD design of the fluid power controlled system 
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Figure 3. Parabolic solar concentrators 
 
 
 
Figure 4. Fluid power control symbolic circuit 
 
The pressurized oil leaves the two tanks at the same time to find 
the non-return check valve V1 closed forcing oil to pass through 
the inverted non return valve V2. While the day time is equal or 
earlier than the reading of the timer clock, valves V4 and V7 stay 
open allowing the compressed oil to exert force on the single 
acting piston P extending it to the required position. During this 
stage, valve V5 stays closed by the pilot pressure coming from the 
main line. The mechanical timer takes its reading from the 
position of the piston, when this reaches the real clock time, the 
timer closes valve V7 preventing oil from passing to the actuator. 
When V7 is closed, oil passes to the accumulator T3 via the non-
return valve V3 to accumulate and store compressed oil as a 
potential energy to be used in later stages. 
 
After a few cloudy hours, pressure is reduced in the main line 
causing valve V5 to move to the spring loaded position (open 
position). The oil of the accumulator is released through non 
return valve V6 to overcome the required position of the piston.  
Limit switch V9 is used to change the position of valve V7 to stop 
the oil flow when the piston reaches the real clock time. Valve 
V10 is used to keep the valve V8 closed during the whole day to 
prevent returning the oil back through the return line. 
At the end of the day, the mechanical timer reaches its final 
position and valve V11 opens valve V8 allowing the oil existing in 
the piston to return back to the tanks T1 and T2 through the non-
return valve V1. The single acting piston is retracted back by the 
effect of its loading spring allowing the panel to return to its 
original position facing to the East waiting for the sun rise of the 
next morning. 
4. Kinematic Calculations 
Schematic drawing in Fig. 1 shows a typical behaviour for the 
sun path in December (winter) and June (summer). The rotational 
angle of the tracking system in the vertical plane (θZ) can be 
calculated from the following equation [18]: 
 
 CosCosCosSinSinSin z        (1) 
 
Where θz   is the Altitude angle of the system (θz  = 90
o – zenith 
angle of the sun),    is the Latitude in degrees,   is the hour 
angle (15o / hour), where   = 0 at local noon.   is the solar 
declination, where   is calculated from Cooper’s equation: 
)]284(
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360
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Here, N is the day of the year (1 - 365), N = 1 on the 1st of 
January. 
The rotational angle of the system in the horizontal plane (θA) is 
calculated from the equation: 
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                              (3) 
 
Where A  is the Azimuth angle of the system [5]. 
The stroke of the actuator y is related proportionally to the 
pressure in the system multiplied by the area as will be seen in 
the next section. This relation is influenced by the dynamics of 
the system that behave like a second order low-pass filter. As the 
maximum extension obtained does not exceed 50 mm, this 
displacement is magnified by connecting the tip of the actuator to 
the panel close to the centre of rotation. This in turn increases the 
torque which does not make a big problem for the system where 
the load is much smaller than the induced pressure. 
5. Dynamic Calculations 
 
Looking at the fluid power circuit shown in Fig. 4, the pilot 
operated proportional hydraulic control valve can be modelled by 
looking mainly at the flow equation that reads, [19], [20]: 
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Px 


2
Cq d
                                
(4) 
 
Where q   is the fluid flow rate through the valve (m3/s), ΔP is the 
pressure Difference across the valve (Pa), Cd represents the flow 
discharge coefficient (m5/N.s),     is the area gradient (width) 
of the orifice (port) of the valve (m), ρ   is the density of the oil 
(kg/m3), x   is the distance travelled by the spool of the valve to 
open the orifice (m). The pressure drop across the valve has a 
negligible influence, which means that ΔP is considered constant. 
This leads to the following relation. 
 
xKvq
      (5)
  
Where        
P


2
CK dv          (6) 
 
Kv is the valve flow constant. The single acting hydraulic cylinder 
can be modelled from two sides. The first is by finding the flow 
rate coming into the cylinder and the second is by making 
dynamic force equilibrium on the piston. Taking into account the 
continuity equation to calculate the oil flow rate flowing into the 
hydraulic actuator, the total flow rate Q coming into cylinder 
reads [21]: 
 
Total flow rate = Flow inside cylinder + Flow loss due to 
Compressibility + Flow loss due to leakage 
    PP
V




yAQ                                                    (7) 
Where Q is the total flow rate coming into cylinder, A

y  is the 
flow rate inside cylinder causing piston speed, (V/β) 

P  is the 
flow rate loss due to fluid compressibility in the actuator, λP is 
the flow rate loss due to fluid leakage in the actuator, β is the 
Bulk modulus of the used oil (N/m2), λ is the leakage coefficient 
(m4.s/kg), A is the cross sectional area of cylinder (m2), V is the 
volume of fluid in cylinder (m3) and 

y    is the speed of piston 
advance (m/s). 
The dynamics of the hydraulic piston are governed by a second 
order differential equation if we neglect the nonlinearities coming 
from the fluid flow and friction [22]. 
Newton’s second law can be applied to the actuator to find the 
dynamic force equilibrium: 
 kyyCymy 

sk-PA    (8) 
 
Or calculating the transfer function between the oil pressure as an 
input and the piston displacement as an output 
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Where P is the pressure inside the cylinder, A is the cross 
sectional area of the cylinder, C is the viscous damping 
coefficient, k is the total stiffness of preloading spring and the 
hydraulic stiffness of the oil, y , 

y , 

y    are the displacement, 
velocity and acceleration of the piston respectively, ks y  is the 
preloading force of the spring, m Effective mass of the moving 
piston and panel with frame. 
The effective mass m can be determined from the mass moment 
of inertia of the load J and the distance (L) between the centre of 
gravity and the centre of rotation of the load (m = J/L2). The 
gas/oil tank in the case of isothermal change of state can be 
governed by the combined gas law as follows 
 
         
2
22
1
11P
T
VP
T
V
                              (10) 
Or calculating P2  
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Where, P1, V1, T1  Initial Pressure, Volume and Temperature 
before gas expansion. P2, V2, T2   Final Pressure, Volume and 
Temperature after gas expansion 
 
6. Simulation Results 
The hydro-pneumatic orientation control system is modeled using 
the integrated definition block diagram shown in Fig. 5. The main 
input to this model is the pressure of fluid in the system caused 
by solar heating of the storage tanks. This pressure is constant 
neglecting the friction losses in the pipes and hoses. Multiplying 
the pressure by the area of the piston cylinder conforms the 
hydraulic force acting on the piston. This hydraulic force is split 
into three main force components; the force of spring preloading 
the single acting piston, the force of the viscous damping in fluid 
and the inertia force of the mechanical load. The displacement of 
the piston y is the main output of the model. The fluid flow Q is 
another output. The flow rate is the sum of three quantities: flow 
due to leakage, flow due to compressibility and net flow in the 
piston. The left hand circuit shows the hydraulic components 
while the right hand side shows the model of the mechanical 
components. 
 
 
Figure 5. Block diagram for the Hydro-pneumatic control system 
 
 
Fig. 6 shows the relation between temperature and time taken 
from simulation results. It is clear that the temperature increase 
from 30o to 70o in 100 minutes. This increase is caused by 
concentrating sun rays on the storage tanks which increases the 
volume of fluid keeping constant pressure in the system. The 
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block model shown in Fig. 5 is simulated using MATLAB 
software. The stroke travelled by the piston is shown in Fig. 7. 
This stroke increases from rest to 50 mm in 100 minutes. Table 1 
shows the numerical results for the temperature and stroke taken 
from the MATLAB simulation results. 
 
Table 1. Temperature and stroke vs. time from simulation results 
 
Time 
(min) 
Temperature 
(C) 
 Stroke  
(m) 
0 30 0 
10 34 0.0049 
20 38 0.0098 
30 42 0.0147 
40 46 0.0196 
50 50 0.0244 
60 54 0.0293 
70 58 0.0342 
80 62 0.0391 
90 66 0.044 
100 70 0.0489 
 
 
 
 
Figure 6. Temperature in the tanks versus time 
 
 
The dynamics of the system are simulated and studied by 
calculating the frequency response function between the pressure 
as an input and the piston stroke as an output. This Bode plot 
shown in Fig. 8 expresses that the piston stroke remains constant 
relative to the system pressure at low frequency. This means that 
the piston responds faithfully to the slewing motion of the fluid 
while it remains at low level at high frequency when rapid 
changes occur in the fluid pressure. This protects the system from 
the risk of undesired oscillations and vibrations that may lead the 
system to failure if their frequency is close to the natural 
resonance of the system. To avoid possible influence of these 
oscillations, elastomers are added to the joints and pivots of the 
system to act as passive dampers that absorb and reduce the 
overshoot of these vibrations. 
 
 
Figure 7. Piston stroke versus time 
 
 
Figure 8. Transfer function between piston stroke and pressure 
7. Conclusions 
It is noticed from the discussion shown in this paper that passive 
techniques can be used efficiently in tracking sun for solar 
collectors and food dryers in places where there is no electricity. 
Even it can be used for tracking of solar PV panels, although 
electricity exists but using passive ways can save electricity 
produced by the panels to be used for other purposes. The most 
difficult problem faced here are the nonlinearity in the piston, 
bearings and moving parts of the system. These nonlinearities 
need to be included in a more complicated model for better 
prediction. The other restriction is the small amount of expansion 
reached because of using Nitrogen as an expansion gas. Using 
other gases like Methanol or Acetone can give higher expansion 
and better results but it exposes the system and people to the risk 
of dealing with inflammable gases. High temperatures can be 
reached by using materials like stainless steel or glass mirrors for 
the fabrication of parabolic concentrators. The maximum reached 
stroke can be increased also by changing the bore diameter of the 
used hydraulic piston and hoses but this will be accompanied by 
higher losses in pressure due to higher friction in piping system. 
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